I. INTRODUCTION
Minimally invasive tissue ablation is becoming an increasingly important tool for the treatment of tumors.
The most popular modality, radiofrequency ablation (RFA), has been plagued by high post-treatment local recurrence rates [1]- [6] . In addition, RFA has several drawbacks related to its mode of heating. To create a conduction path, ground pads must be placed on the patient. Risks of superficial burns due to improper pad placement or high input powers, plus additional complexity, make ground pads undesirable. In addition, the impedance of tissue increases with temperature; as a result, tissue charring and long treatment times may be encountered. Tissue charring is a major concern in RFA as it eliminates the conduction path required for heating.
Microwave ablation (MWA), like RFA, uses localized heating to cause tissue necrosis. However, MWA can produce greater, more rapid heating and can easily support the use of multiple probes. The mode of heating in MWA does not rely on a conduction current path, which eliminates ground pad and charring concerns. Lesion size is limited by the available power and treatment time.
However, current systems use probes that are too large (14-gauge), and create relatively small zones of necrosis (1.6 cm) 171, which require multiple overlapping ablations.
Most ablation antennas are fed by coaxial lines with small sizes and TEM propagation. Their unbalanced design, however, allows retum current flow on the outer conductor. These currents restrict impedance matching and can lead to burns around the insertion point of the probe. If the antenna's input impedance is not matched to the feed line, too much of the applied power is reflected from the antenna and, hence, not deposited in the tissue.
The impedance mismatch causes standing waves that can overheat the coaxial feed and cause it to fail.
Other researchers have sought to improve antenna efficiency by using dipoles [8] , loaded monopoles [9] , and choked monopoles [lo] . However, the larger diameter of these antennas makes percutaneous insertion difficult. The triaxial antenna presented here seeks to not only improve the impedance match between the feed line and antenna, but also to reduce the retum currents and subsequent heating along the feed line. In turn, a smaller diameter antenna may be used since the ktroducing needle is integral to the design.
ANTENNA DESIGN AND NUMERICAL MODELING

A. Antenna geometry
The triaxial antenna design is created from the coaxial antenna and needle together ( In order to introduce the antenna percutaneously, a biopsy needle with removable introducer is inserted into the patient. Once the proper needle position has been achieved, the introducer is removed. A coaxial antenna is then inserted through the needle to provide the required tissue heating.
B. Numerical modeling
Finite element modeling (FEM) simulations using commercial software (HFSS) will performed to optimize the anteruia design. A model of the triaxial antenna with nominal values of 32/4 for the active length and 4 4 as the insertion depth is created. The antenna is surrounded by a medium with the dielectric properties of either 0.9% saline (q = 78, 0 = 1.6 S/m) or liver tissue and radiation boundary conditions. Simulations will be run using the adaptive mesh technique at a center frequency of 2.45 GHz for AS < 0.001. S-parameters are computed for a frequency range of 1-5 GHz using 10000 interpolation points and the iterative method. Once the nominal problem is solved, an optimized model will be computed using Arisoft Optimetrics. 
IV. RESULTS
FEM simulations revealed that r is minimized for a probe length of 12.3 mm and insertion depth of 3.5 mm in liver tissue. Approximately 14700 tetrahedral elements were required for convergence. The electric field magnitude, normalized to the incident field, is shown in Fig. 2 and illustrates the lack of field at the feed plane.
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In 0.9% saline, the optimum length of both the coaxial and triaxial antennas was found to be 10.3 mm. For a 10.3 mm coaxial monopole in saline, r was measured to be -35.0 dB at 2.45 GHz. For the same antenna inserted 3.5 mm through an 18-gauge needle, r was reduced to 4 6 . 2 dB. Thus, the triaxial design improved reflection coefficient by 11.2 dB over the simple coaxial monopole, as shown in Fig. 3 . From Fig. 4 , it is clear that the minimum reflection coefficient occurs at the design frequency (2.45 GHz) in both the numerical and empirical cases, though the absolute values of T differ slightly. This discrepancy is likely due to a coarse mesh and not enough interpolation points in the simulation model. However, the optimization goal of the simulations was successful.
Experimental validation of the insertion depth optimization is shown in Fig. 5 , where r is miinimized between 3mm and 4". Interpolation of each plot reveals that r is lowest at an insertion of 3.3 mni for the protected case and at 3.5 mm for the unprotected case.
-40 1 Before ablations began, tissue temperatures were measured to be 18.0S.5 "C. Shortly after ablation, temperatures in the zone of necrosis were measured to be in excess of 80 "C, far surpassing the commonly used metric of -50 "C for irreversible cell damage. Fig. 6 shows the results of an 8 minute ablation with the 18-gauge triaxial antenna powered at 25 W. The zone of necrosis measures 2.8f0.1 cm in the transverse direction and 5.5T0.1 cm in the longitudinal direction with a l.OM.l cm "tail." Fig. 7 shows a lesion created with 25 W for 12 minutes with the antenna in place. The lesion measured 3.5M.1 cm in the transverse direction and 6.3M.1 cm in the longitudinal direction.
Reflection coefficients during the procedure were at most -14 dB (i.e., < 4% reflected power) and usually remained near -20 dB (-1%). The increase in was vivo bovine liver tissue, with the triaxial design improving retum losses by 11.2dB over a coaxial design. The antenna is capable of being presented inside an 18-gauge needle, making percutaneous introduction tractable. Because of the improved impedance match heating along the feed line was negligible. Elliptical-shaped lesion sizes of 5.5x2.8 cm and 6.3x3.5 cm were achieved with 25 W for 8 and 12 minutes, respectively. Standard RF ablation times are -12 minutes and lesions using a single, water-cooled probe are typically about 3.5x2.5-3 cm. Thus, we find that MWA with this antenna is capable of faster, more effective ablation of liver tumors.
